Two forms of an extracellular glucoamylase, Mpu-GA-I and MpuGA-II, were purified to homogeneity from Monascus purpureus RY3410. The molecular weights of these enzymes were estimated to be 60,000 (MpuGA-I) and 89,000 (MpuGA-II). These enzymes were glycoproteins with a carbohydrate content of 15.0% (MpuGA-I) and 16.2% (MpuGA-II) respectively. The pH optima were 5.0 for both enzymes, and the optimal temperatures were 50 C (MpuGA-I) and 65 C (MpuGA-II). The K m values for soluble starch were calculated to be 4:0 AE 0:8 mg/ml (MpuGA-I) and 1:1 AE 0:2 mg/ml (MpuGA-II) respectively.
These enzymes play important roles not only in the ripening of tofuyo, but also in the formation of the good taste, and physical properties of this product. Especially, glucoamylase is notable as a key enzyme in the formation of the good taste of the product. We have reported two forms of glucoamylase, GA-I and GA-II, from Monascus sp. no. 3403, which was isolated as a proteinase producer from red koji in our laboratory. 10) On the other hand, we newly isolated the high glucoamylase producer Monascus purpureus RY3410 in our laboratory. Here we describe the purification and some properties of heterogeneous glucoamylases, Mpu-GA-I and MpuGA-II, from this microorganism.
Glucoamylase activity was assayed by measuring the reducing sugars released from a substrate. The reaction mixture, containing 0.6 ml of 1% (w/v) soluble starch, 0.2 ml of 0.1 M McIlvaine buffer (0.1 M citrate-0.2 M sodium phosphate buffer), pH 5.0, and 0.2 ml of the approximately enzyme solution, was incubated at 37 C for 10 min. The enzyme reaction was terminated by the addition of 0.5 ml of 1 M NaOH, and then the reducing sugar content was determined by the method of 12) One unit of enzyme activity was defined as the amount of enzyme that liberated 1 mmol of reducing sugar as glucose per min under standard assay conditions. The protein concentration was measured with the micro BCA protein assay kit (Pierce Chemical, Rockford, IL, USA) with bovine serum albumin as the standard.
M. purpureus RY3410 was cultivated on steamed rice, as previously described.
1) A crude enzyme was extracted from red koji with a triple volume of 10 mM McIlvaine buffer (pH 5.0) at 4 C for 1 h with stirring. The enzymes were purified by anion and cation exchange columns, and hydrophobic column chromatographies at 4 C. The crude enzyme solution was applied to a DEAE-cellulose column (5.0 cm by 13 cm) equilibrated with 10 mM McIlvaine buffer (pH 5.0). The enzyme was eluted with the same buffer. Then the through fraction was collected, adjusted to pH 3.5 with 1 N HCl, and used in further purification procedures. The enzyme solution was loaded on a SP-Toyopearl 650M column (1.5 cm by 15 cm) equilibrated with 10 mM McIlvaine buffer (pH 3.5). After washing with the same buffer, the enzyme was eluted with a linear gradient of NaCl from 0 to 0.5 M in the same buffer. The active fractions were collected and fractionated with 40% saturated ammonium sulfate. After centrifugation to remove the precipitate formed, the supernatant was used in the next step. The resulting supernatant was applied to a Phenyl-Toyopearl 650M column (1.0 cm by 10 cm) equilibrated with 10 mM McIlvaine buffer (pH 5.0) saturated with 40% ammonium sulfate. After washing with the same buffer, the enzyme was eluted with a linear gradient from 40% to 10% saturated ammonium sulfate in 10 mM McIlvaine buffer (pH 5.0). Two active peaks were obtained in the eluent fractions. The active fractions separated were pooled, concentrated, and dialyzed against 10 mM McIlvaine buffer (pH 5.0). Two glucoamylases, MpuGA-I and MpuGA-II, were purified 6.7-fold with yields of 30% (78.1 U/mg), and 4.4-fold with yields of 18% (51.3 U/mg) respectively.
Two glucoamylases (MpuGA-I and MpuGA-II) were purified to homogeneity, as shown in Fig. 1A . The molecular masses of these enzymes were estimated to be 54 kDa (MpuGA-I) and 70 kDa (MpuGA-II) respectively by sodium dodecyl sulfate polyacrylamide gel electrophoresis with molecular mass standard proteins. On the other hand, the molecular weights of these enzymes were calculated to be 60,000 and 89,000 respectively by the method of gel filtration. These results indicate that the both enzymes were monomeric polypeptides. Furthermore, these values were undoubtedly higher than those of our previously reported glucoamylases (GA-I; 52,000 and GA-II; 51,000 respectively). 10) MpuGA-I and MpuGA-II were glycoproteins, judging from the results of periodic acid Schiff (PAS) staining (Fig. 1B) .
13) The carbohydrate contents of these enzymes were determined to be 15.0% (MpuGA-I) and 16.2% (MpuGA-II) respectively by the method of phenol sulfuric acid based on D-glucose as the neutral sugar standard.
14) The pI of these enzymes, in 5% polyacrylamide nondenaturing slab gel containing carrier ampholine with a pH operating range of 3.5 to 10, were found to be 3.16 (MpuGA-I) and 3.18 (MpuGA-II) respectively. Each enzyme showed a single protein band under coomassie brilliant blue R-250 staining. The buffers (0.1 M) used were Sörensen buffer (pH 2.0 to 6.0) and McIlvaine buffer (pH 3.5 to 7.5). The pH optima were 5.0 for both enzymes, and the optimal temperatures of them were 50 C (MpuGA-I) and 65 C (MpuGA-II) under standard assay conditions. After preincubation for 15 min at various temperatures, MpuGA-I activity was stable up to 40 C, and MpuGA-II activity was stable up to 60 C. The activity of MpuGA-I was significantly inhibited by the addition of 1 mM of Hg 2þ (51% remaining activity) and Ag 2þ (62%). On the other hand, the activity of MpuGA-II was markedly inhibited by the addition of 1 mM of Hg 2þ (66%), and slightly by the addition of Ni 2þ (90%), Ag 2þ (86%), K þ (85%), Fe 2þ (84%), Al 3þ (80%), and Mn 2þ (78%). In the case of MpuGA-I, the enzyme activity was slightly activated by the addition of certain ions, such as Co 2þ (128%), Fe 2þ (115%), Cu 2þ (110%), and Sr 2þ (110%), but the enzyme activity of MpuGA-II was hardly affected by the addition of these metal ions.
The relative hydrolysis rates of various substrates by the both purified enzymes are presented in Table 1 . Each final preparation showed highest hydrolyzing activity toward short polymerized amylose Ex-I having only the -1,4-linkage. Amylose Ex-III and amylopectin were moderately hydrolyzed by MpuGA-I and MpuGA-II. Neither enzyme acted on pullulan, cyclodextrins, or panose. Although it is well known that glucoamylases isolated from several fungi have high hydrolyzing ability toward these malto-oligosaccharides, 15, 16) MpuGA-I and MpuGA-II from M. purpureus RY3410 showed very low hydrolyzing activity toward those substrates. The kinetic parameters of MpuGA-I and MpuGA-II for various substrates, calculated from Lineweaver-Burk plots, are showed in Table 2 for soluble starch (4:0 AE 0:8 mg/ml) was higher than that of MpuGA-II (1:1 AE 0:2 mg/ml). The V max values of MpuGA-I and MpuGA-II for amylose Ex-I were the highest among the substrates tested. On the other hand, the K m and V max values of MpuGA-I for glycogen could not be determined due to low reactivity. The Km values of these enzymes from M. purpureus RY3410 for the soluble starch were slightly different from the values from Monascus sp., GA-I (2.5 mg/ml) and GA-II (2.9 mg/ml).
10)
The amino-terminal amino acid sequences of Mpu-GA-I and MpuGA-II were analyzed by Edman degradation. 17) Only one major amino acid phenylthiohydantoin was found in each cycle. Therefore, each of these enzymes was composed of a single polypeptide chain. The primary structures of the N-terminal amino acid sequence of the enzymes were analyzed using the FASTA and BLAST search programs of data bank of Japan (DDBJ). The N-terminal amino acid sequence of MpuGA-I was found to be ALDSW LALEG PYALD GILNN I, and it showed strong homology and similarity with the N-terminal sequences of glucoamylases isolated from Aspergillus terreus (Accession no. L15383, 62% identity and 81% similarity), Talaromyces emersonii (AJ304803, 67% and 86%), Thermomyces lanuginosus (AY948384, 57% and 90%), A. oryzae (D01035, 50% and 85%), A. niger (AY652617, 60% and 75%), A. ficuum (AY642120, 60% and 75%), A. awamori (AB083161, 60% and 75%), A. shirousami (D10460, 60% and 75%), and A. kawachii (D00427, 60% and 75%). On the other hand, the N-terminal amino acid sequence of MpuGA-II was determined to be ALDLL DA Ã LA REAPY GLDG. Recently, the glucoamylase gene from the thermophilic fungus T. lanuginosus was cloned, and then the deduced amino acid sequence was aligned with the glucoamylase from the thermophilic fungi T. emersonii. 18, 19) The deduced amino acid sequence from T. lanuginosus was closely related to the T. emersonii glucoamylase sequence, and they were classified together in the phylogenetic tree with the aspergillii group as nearest neighbors. Since the partial N-terminal amino acid sequence of MpuGA-I also exhibited high homology and similarity with those glucoamylases, it is thought that MpuGA-I belongs to glucoside hydrolase family 15, which includes T. emersonii glucoamylase. 19, 20) Although the primary structure of the N-terminal amino acid sequence of MpuGA-II shows 72.7% of homology with that of MpuGA-I, it was not identical with those of the fungal glucoamylases, which showed high homology and similarity with that of MpuGA-I. It is well known that the glucoamylases are often found in multiple molecular forms modified by proteolysis or alternative RNA splicing. In these respects, the gene encoding MpuGA-I described here might be inherently same as that of MpuGA-II.
Many fungal glucoamylases have been purified and characterized from the species Aspergillus, Mucor, Rhizopus, and Monascus. 10, [21] [22] [23] [24] [25] The glucoamylases from A. niger 15) and A. awamori 16) hydrolyze various malto-oligosaccharides as well as soluble starch, whereas MpuGA-I and MpuGA-II from M. purpureus RY3410 hydrolyze those oligosaccharides only slightly. Although the kinetic parameters for the malto-oligosaccharides were not examined in this study, the substrate specificities of both enzymes from M. purpureus RY3410 obviously exhibited low hydrolyzing activity toward these substrates. In this respect, our purified enzymes differed from those of fungal glucoamylases, but other properties of the two enzymes were not found to show major deviations, as compared with those properties. Furthermore, the N-terminal amino acid sequence of MpuGA-I showed high homology and similarity with those of fungal enzymes that belong to glucoside hydrolase family 15. We are now studying the cloning and nucleotide sequences of the glucoamylases obtained in this experiment to investigate further the detailed properties and possible application to tofuyo manufacturing of the enzymatic action. The assay conditions were the same as the standard assay, except that the substrate concentration was different. N.D., not determined. Each value is expressed as the mean AE standard deviation (n ¼ 3).
